SPS activity can be a controlling factor for sucrose synthesis and also for photosynthesis (Stitt et al., 1988) . Sucrose unloading and sink activity were examined in However, in transformed potato plants, a decrease in tomato plants (Lycopersicon esculentum) overexpress-SPS activity of 60-70% caused no significant inhibition ing sucrose phosphate synthase (SPS; EC 2.3.1.14).
Introduction
than to increased sucrose biosynthesis (Galtier et al., 1993) . Most interestingly, the total fruit number in the Sucrose phosphate synthase (SPS ) catalyses net sucrose SPS transformants was increased to 1.5 times that of the synthesis in plants. SPS activity is generally high in source tissues and low in sink organs (Huber and Huber, 1992) .
control (Micallef et al., 1995) . The fruit on the trans-Enzyme extraction formed plants matured earlier and total fruit dry weight
Freshly harvested tomato fruits were ground in liquid nitrogen.
was increased by up to 32% when these plants were grown
Proteins were extracted into buffer A consisting of 200 mM in air and high light (1000 mmol m−2 s−1). However, no HEPES (pH 7) 3 mM magnesium acetate, 0.5 mM EDTA, increase in total fruit yield was observed in conditions of 1 mM PMSF, 5 mM DTT, 20 mM 2-mercaptoethanol, 10% CO 2 enrichment (Micallef et al., 1995) .
ethyleneglycol, 1% PVPP, and 1% Dowex-1 (chloride form) as
In sink tissues, unloaded sucrose has to be hydrolysed previously described (Sun et al., 1992) . The ratio of fruit fresh weight (g) to extraction volume (ml ) was 155. The homogenate for metabolism. Depending on the plant species unloaded was incubated on ice for 5 min, passed through one layer of sucrose can be hydrolysed either by invertase or by Miracloth (InterScience, Markham, Ontario, Canada) and sucrose synthase. Several studies have shown that centrifuged at 20 000 g for 10 min. The supernatant was desalted unloaded sucrose can undergo a futile cycle of degradathrough Sephadex G-25 superfine (Pharmacia Biotech, Baie tion and resynthesis in sink tissues (N'tchobo, 1998a, b; D'Urfé, Québec, Canada) with buffer B which consisted of 50 mM HEPES (pH 7.0), 1 mM EDTA, 1 mM DTT, 0.5 mM ap Rees and Hill, 1994; Dancer et al., 1990; Geigenberger PMSF , and 2 mM magnesium acetate.
and Stitt, 1993; Hargreaves and ap Rees, 1988; Viola, 1996; Wendler et al., 1990) . In such a cycle, the nature Enzyme assays of the enzyme that catalyses the resynthesis of sucrose Sucrose phosphate synthase activity was determined at limiting remains to be elucidated. Geigenberger and Stitt (1993) substrate concentrations (2 mM UDP glucose, 2 mM F6P and suggested that sucrose resynthesis in sink tissues is cata-10 mM G6P) with 5 mM Pi, as described by Huber and Huber lysed by both SuSy and SPS. In sink tissues, SPS is (1991) . Sucrose formation was determined by the modified anthrone method ( Van Handel, 1968 ).
present at low levels: 2.5-10% of SuSy activity in rapidly Sucrose synthase and neutral invertase activities were assayed growing-sinks (Dali et al., 1992; Klann et al., 1993; Weber in the direction of sucrose breakdown by a coupled enzyme et al., 1996) . Sucrose phosphate synthase has been considassay as described previously (Huber and Akazawa, 1986 Boehringer Mannheim, Laval, Québec, Canada), and the change acid invertase activity ( Klann et al., 1993; Ohyama et al., in absorbance at 340 nm at 25°C was measured. This provided 1995; Scholes et al., 1996) . Increased sucrose accumulaan estimation of background invertase activity arising from contamination of the coupling enzymes. After 2 min, 20 ml of tion in transgenic potato tubers with low ADPglc ppase sample was added allowing estimation of the neutral invertase activity, however, was correlated with increased SPS activity. Sucrose synthase activity was measured by the activity (Geigenberger et al., 1995) .
subsequent addition of 1 mM of UDP (final concentration).
While the role of SPS in relation to putative futile Acid invertase was assayed in acetate buffer (pH 4.5). 100 ml cycles has been studied in sink tissues (Geigenberger and of sample was mixed with 500 ml of 100 mM acetate buffer containing 3% sucrose. After 15 min incubation at 30°C, the Stitt, 1993) , the role of SPS in determining sink strength reaction was neutralized with 50 ml of 1 M TRIS-HCl buffer and sucrose unloading remains to be elucidated. This (pH 8.0 converted to -glucono-lactone and H 2 O 2 . The amount of H 2 O 2 formed was measured using a platinum anode (see the YSI manual for 2700 SELECT analyser).
ADPglc ppase activity was measured in the direction of G1P
Materials and methods
formation in a coupling reaction as previously described by Rocher et al. (1989) . Desalted extract (40 ml ) was added to Plant material and growing conditions 450 ml HEPES-NaOH buffer (50 mM, pH 7.5) containing 3 mM Tomato (Lycopersicon esculentum var. UC82B) seed of untransMg-acetate, 0.1 mg BSA, 1 mM ADPglucose, 0.3 mM NAD, 1 formed and transformed (Line 3812-9) lines was obtained from unit phosphoglucose mutase, and 1 unit 6-phosphoglucose Calgene Inc ( USA). The transformed tomatoes used in the dehydrogenase. The reaction was started by the addition of present study are an homozygous line ( T4) with only one 1 mM PPi, and the formation of NADH was measured by the transgene insertion (verified by Southern blot; data not shown).
change in absorbance at 340 at 25°C. This transgenic clone was used in previous studies for analysis of photosynthesis capacity (Galtier et al., 1993) and fruit yield Western blotting and tissue printing (Micallef et al., 1995) under the name: SSU-9. Expression of the maize SPS cDNA was under the control of the Rubisco For Western blot assay, the total protein in non-desalted extract was immediately precipitated with 3% TCA. After centrifusmall subunit promoter. The plants were grown in a greenhouse with a 14 h photoperiod, 25/22°C day/night. Irradiance was gation, the pellet was solubilized in the electrophoresis loading buffer (pH 6.8). Five mg total protein from each sample were 700 mmol m−1 s−1. separated on 10% SDS-PAGE as described by Laemmli (1970 The expression of transgene in the fruit was demoncentre and proteins were printed onto a nitrocellulose memstrated by Western blot ( Fig. 1A, lane 2) . One protein brane. The membrane was washed in the TBS buffer containing band was detected with a molecular mass of 120 kDa, 0.1% SDS and boiled for 10 min in TBS buffer to denature the equivalent to the size of the maize SPS peptide. This endogenous phosphatase. The enzyme immunodetection protocol was identical to that used for Western blotting.
result suggests that the increase in SPS activity in the transformed fruits was due to over-expression of SPS.
In vitro sucrose unloading and carbohydrate determination Similarly, the increase in SuSy activity in transformed Unloading was assayed by a modification of the technique tomato fruits correlated with increased enzyme protein described by Dali et al. (1992) . The tomato fruit with their as determined by semi-quantitative scanning of the SuSy peduncles attached were harvested. The peduncles were plunged peptide in Western blot ( Fig. 1B) . The band intensity of immediately into 1 ml of 2% unlabelled sucrose and 3 mCi SuSy peptide in the transformed fruit ( Fig. 1B, lane 2) (6.106 DPM ) [3H ]-(fructosyl )-sucrose (Dupont Canada Inc., Mississauga, Ontario, Canada). After a 1 h pulse, the fruits was 57% higher than that in untransformed ( leaves when gels were loaded on an equal protein basis (data not shown). Figure 1B shows the immunodetection transformed line was clearly much more intense, for an equivalent protein concentration, than in untransformed plants indicating that the quantity of this enzyme protein
Results
was increased in the former compared to the latter. The Analysis of sucrose metabolising enzymes and molecular mass of tomato SuSy was estimated to be carbohydrate composition of fruit about 90 kDa by comparison with standard protein molecular markers (BioRad, Massachusetts, USA). Enzyme activity. Previous studies have shown that sink activity in tomato fruits is maximum at 20 DAA (Ho The expression of SPS in the different tissues of the tomato fruit from transformed and untransformed plants et al., 1987) . In transformed tomato plants with altered sucrose metabolism enzyme activities (SuSy, SPS, was compared by tissue printing. The tissue prints from transformed fruit obtained with maize SPS antibodies invertase or ADPglc ppase), the timing of fruit development was not changed (data not shown). Therefore SPS, ( Fig. 2B) shows that the amounts of these enzyme proteins are relatively homogeneous in all types of tissue SuSy, acid invertase and ADPglc ppase activities in 20-dold fruits from transformed and untransformed (control ) within the fruit and are similar in both the external and Rubisco promoter, the maize SPS protein was found to be present in the whole fruit, as was SuSy.
Carbohydrate analysis. When the carbohydrate composition (sucrose, hexose and starch) of 20 DAA fruit was analysed ( Table 2) , the soluble sugar concentrations and the sucrose/hexose ratios in transformed fruit were found to similar to those of the controls. However, the amount of starch in the transformed fruit was significantly higher than that in the controls ( Table 2 ; P≤0.05). plants were detached and used for unloading experiments. The detached 20 DAA fruits were supplied with labelled sucrose. Figure 3 shows the unloading patterns of transformed and control fruit. After 1 h of labelling and subsequent 30, 60, 90, or 120 min chase periods with unlabelled sucrose, the total radioactivity (Fig. 3A) unloaded in the transformed fruit was about 70% higher than that found in the controls. In the shortest chase times (up to 30 min) the majority of the radioactivity was found in sucrose (data not shown). The differences between the observed amount of radioactivity in transformed and control fruit was due to variations in radioactivity in soluble sugars (Fig. 3A, C ) . No differences in radioactivity were found in the starch fractions. With longer chase times (from 60 min onwards), however, the increase in radioactivity in the transformed fruit was caused by differences in both the soluble sugar and starch fractions. Moreover, as the period of the chase increased the ratio of soluble sugar to starch became similar in both lines.
Sucrose turnover and sucrose to starch conversion Fig. 2A) . In marked contrast, probing with
SuSy antibody yielded comparable prints in both types Untransformed 1.76±0.13 13.03±0.67 13.04±0.54
of plant (Fig. 2C, D ). These results demonstrate that, sucrose is labelled on the fructose moiety only, the rate Discussion and conclusions of change in labelling symmetry within the sucrose molecIn tomato fruit overexpression of SPS leads to an increase in ules in the fruit may be used to estimate the rate of SuSy and sink activity sucrose resynthesis. The rate of conversion of label from fructose to glucose within the sucrose molecule was more
The rate of import of assimilate in the rapid growth phase of tomato fruit development (about 20 DAA) has been rapid in transformed fruits than in controls ( Fig. 4) . The time required for conversion of 50% of the sucrose considered to be crucial for determining final fruit weight (Grange and Andrews, 1993; Ho, 1996; Ho et al., 1987) . molecules in the transformed fruit was 48 min compared with 78.5 min in the untransformed fruit, representing a This period in fruit development is characterized by maximum SuSy and ADPglc ppase activities. Moreover, 60% higher rate in the transformed plants.
Sucrose turnover in transformed tomato fruits was sucrose unloading also attains a maximum rate at this point (Dali et al., 1992) . The correlation observed higher than in controls, whereas the rate of conversion from sucrose to starch was essentially similar in both between the rate of sucrose breakdown and the quantity of sucrose unloaded into the fruit has led to the hypothesis lines ( Fig. 5) . Although the conversion rate early in the chase was slower in the transformed fruit, the sucrose to that either invertase or sucrose synthase can limit sucrose unloading and, in turn, determine yield (Ho, 1996) . In starch conversion patterns were similar in fruit from both lines. At zero time, after the 1 h pulse, only about 5% of contrast to the original hypothesis that suggested that invertase is the limiting step in the regulation of assimilate unloaded sucrose had been converted into starch, but 2 h import in tomato ( Walker et al., 1978) , Sun et al. (1992) application by Calgene, showing that the expression of the maize SPS cDNA under the control of a fruit-specific have suggested that SuSy is one of the principal factors regulating fruit growth. This hypothesis is supported by promoter in tomato plants leads to an increase in yield, confirms this hypothesis. the observations of Wang et al. (1993) , who reported a good correlation between SuSy activity and relative fruit growth. Such observations suggest that the cleavage of Increased sucrose import in tomato fruit leads to an sucrose in the cytosol may be the limiting step for sucrose increase in starch synthesis import into tomato fruit. However, sucrose imported into ADPglc ppase activity was not increased in the transthis sink organ may undergo rapid turnover involving formed fruit, but the sucrose/starch ratio was changed by both degradation and resynthesis (Geigenberger and Stitt, SPS overexpression. The amount of starch and the rate 1993; N'tchobo, 1998a, b) .
of starch synthesis were higher in transformed fruit than In young tomato fruits, where sucrose is unloaded in those from untransformed plants. Starch accumulation principally via the symplast (N'tchobo, 1998a, b; Ruan is therefore not only dependent on ADPglc ppase activity, and Patrick, 1995; Yelle et al., 1988; Yin et al., 1995) , but also on the amount of sucrose unloaded into the SuSy and SPS could together catalyse a cycle of cleavage fruit. The rate of sucrose resynthesis in tomato fruit may and resynthesis in the cytosol (Geigenberger and Stitt, therefore determine the extent of starch synthesis as it 1993). SPS overexpression resulted in a 2.4-fold increase does in leaves (Galtier et al., 1993 (Galtier et al., , 1995 Signora et al., in SPS activity in the fruit. The cleavage of sucrose by 1998). However, overexpression of SPS in fruit increased SuSy was also enhanced. In the transformed fruit, the starch accumulation, while in the leaves the inverse was observed increase in SPS led to a 27% increase in SuSy true. activity. The increase in maximal extractable SuSy activity (339 nmol min−1 g−1FW ) was in the same range as that of SPS activity measured in conditions of limiting sub-
